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1
METHOD AND APPARATUS FOR
CONTROLLING AN ELECTRIC MACHINE IN
A SIX-STEP MODE

TECHNICAL FIELD

The present disclosure generally relates to controlling
alternating current (AC) motor/generators, and more particu-
larly relates to apparatus, systems and methods for control-
ling AC motor/generators.

BACKGROUND

Control of AC motor/generators, such as three-phase per-
manent magnet synchronous electric motors (electric
machines) is accomplished using a three-phase pulsewidth-
modulated (PWM) inverter. A PWM inverter can be con-
trolled in several different operation modes, including, e.g., a
space vector PWM (SVPWM) mode and a six-step mode.
Magnitude of the output voltage from an inverter at its fun-
damental frequency reaches its maximum only when the
inverter operates in the six-step mode. Due to this voltage
magnitude characteristic, operation in the six-step mode can
increase torque capability of an electric machine compared to
known SVPWM operation or discontinuous space vector
PWM (DPWM) operation in the field-weakening region
where the voltage magnitude is the major limiting factor of
the torque capability. However, voltage magnitude is not con-
trollable in the six-step mode. Furthermore, known methods
for frequency-synchronized control of an inverter operating
in the six-step mode require updating and potentially chang-
ing sampling frequency of the controller each sampling
period to minimize sub-harmonics, which can be computa-
tionally taxing on the controller.

SUMMARY

An inverter electrically operatively connects to a multi-
phase electric machine, and a method for controlling the
inverter includes executing a six-step mode to control the
inverter and monitoring an electric voltage angle of the elec-
tric machine at a preset sampling frequency. When the electric
voltage angle approaches a step transition associated with
control of one of a plurality of switches of the inverter in the
six-step mode, an intermediate duty command for the one of
the switches is determined and a carrier signal is aligned
based upon a present state of the one of the switches. The one
of'the switches is controlled employing the intermediate duty
command and the aligned carrier.

The above features and advantages, and other features and
advantages, of the present teachings are readily apparent from
the following detailed description of some of the best modes
and other embodiments for carrying out the present teachings,
as defined in the appended claims, when taken in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments will now be described, by way
of' example, with reference to the accompanying drawings, in
which:

FIG. 1 schematically illustrates a controller including a
current regulator and a six-step flux controller for controlling
an inverter electrically connected to a multi-phase AC electric
motor/generator (electric machine) in a six-step mode, in
accordance with the disclosure;
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FIG. 2 graphically shows switch states of first, second and
third arms of an embodiment of an inverter in relation to
voltage angle (deg) when operating in the six-step mode, in
accordance with the disclosure;

FIG. 3 graphically shows a plurality of command and data
signals associated with operation of one phase of an inverter
over a portion of a single cycle of electrical rotation of the
electric machine and including operation related to execution
of an intermediate control scheme in the form of a second
carrier signal, an intermediate duty command and an aligned
PWM waveform, in accordance with the disclosure;

FIG. 4 graphically shows a stationary direct-quadrature
(stationary dq or o) reference frame for analyzing operation
of'athree-phase inverter including operating sectors for deter-
mining intermediate duty commands, in accordance with the
disclosure; and

FIG. 5 schematically shows an inverter control routine for
frequency-synchronized inverter control in six-step mode to
synchronize execution of the six-step mode with the funda-
mental frequency of the voltage command, in accordance
with the disclosure.

DETAILED DESCRIPTION

Referring now to the drawings, wherein the depictions are
for the purpose of illustrating certain exemplary embodi-
ments only and not for the purpose of limiting the same, FI1G.
1 schematically illustrates a Voltage Source Inverter (VSI)
controller 105 for controlling a multi-phase PWM inverter
circuit (inverter) 100 electrically operatively connected to a
multi-phase AC electric motor/generator (electric machine)
140 in accordance with the disclosure. The electric machine
140 is preferably a permanent magnet synchronous device
including a stator and a rotor arranged in a star configuration,
although the concepts described herein are not so limited.
Rotational position and speed of the rotor of the electric
machine 140 is monitored by a rotational position sensor 141,
which can be any suitable device, e.g., a resolver or a Hall-
effect sensor.

The inverter 100 electrically connects to a high-voltage DC
power source via a positive high-voltage DC power bus
(HV+) 102 and a negative high-voltage DC power bus (HV-)
104. The high-voltage DC power source can include a high-
voltage electrical energy storage device, e.g., a high-voltage
battery or a capacitor, a high-voltage electric power generator
or another related device or system. The inverter 100 includes
aplurality of switch pairs 112 and 114, 122 and 124, and 132
and 134 electrically connecting in series between HV+ 102
and HV-104. Each of the switch pairs corresponds to a phase
of the electric machine 140, with each of the first switches
connecting in series with the corresponding second switch at
a node. Specifically, switch pairs 112 and 114 connect in
series at node 116 to form a first arm of the inverter 100,
switch pairs 122 and 124 connect in series at node 126 to form
a second arm of the inverter 100 and switch pairs 132 and 134
connect in series at node 136 to form a third arm of the inverter
100. The nodes 116, 126 and 136 electrically connect to
nominal first, second and third phases of the electric machine
140 to transfer electric power thereto. A first gate drive circuit
106 controls activation and deactivation of the first, high-side
switches 112,122 and 132 and a second gate drive circuit 108
controls activation and deactivation of the second, low-side
switches 114, 124 and 134. The first and second gate drive
circuits 106, 108 include any suitable electronic device
capable of activating and deactivating the switches 112 and
114, 122 and 124, and 132 and 134 to effect power transfer
between one of HV+ 102 and HV- 104 and a phase of the
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electric machine 140 in response to control signals originat-
ing at controller 105. The controller 105 generates control
signals that are communicated to the first and second gate
drive circuits 106, 108 to activate and deactivate the switches
112 and 114, 122 and 124, and 132 and 134 in response to an
inverter switch control mode that can include a space vector
PWM (SVPWM) mode and a six-step mode, or another suit-
able control mode. The inverter 100 includes other electrical
components including capacitors, e.g., DC bus capacitor 142,
resistors, e.g., bus resistor 144 and other electrical circuit
components to accomplish functions related to electrical
noise suppression, load balancing and the like.

Each of the first switches 112, 122 and 132 and second
switches 114, 124 and 134 can be controlled to either an ON
state or an OFF state. Each of the arms formed by the switch
pairs 112 and 114, 122 and 124, and 132 and 134 can be
controlled to a control state of 1 or 0. A control state of 1 for
one of the arms corresponds to activation of one of the first
switches 112, 122 and 132 with a corresponding second
switch 114, 124 or 134, respectively, deactivated. A control
state of O for one of the arms corresponds to activation of one
of'the second switches 114, 124 and 134 with corresponding
first switch 112, 122 or 132, respectively, deactivated.

Each of the first switches 112, 122 and 132 is preferably
configured as a normally-OFF switch, meaning that the
switch conducts electrical current only when activated by the
first gate drive 106. In one embodiment, the first switches 112,
122 and 132 are Insulated Gate Bipolar Transistors (IGBTs)
each having a diode arranged in parallel. The first gate drive
106 activates each of the first switches 112, 122 and 132 to
effect current flow thereacross responsive to the selected
inverter switch control mode. Each of the second switches
114, 124 and 134 is preferably configured as a normally-OFF
switch, meaning that the switch conducts electrical current
only when activated by the second gate drive 108. The second
switches 114, 124 and 134 may be any kind of normally-OFF
semiconductor switch, including, e.g., IGBT switches each
having a diode arranged in parallel. During operation in
absence of a circuit fault, the first and second gate drive
circuits 106, 108 generate activation signals to activate and
deactivate the first switches 112, 122 and 132 and the second
switches 114, 124 and 134 to operate the electric machine 140
to generate torque. Alternatively, the second switches 114,
124 and 134 may be any kind of normally-ON semiconductor
switch. The inverter 100 electrically operatively connects to
the electric machine 140 in that the action of selectively
activating and deactivating switches 112 and 114, 122 and
124, and 132 and 134 to effect power transfer between one of
HV+102 and HV- 104 and a phase of the multi-phase electric
machine 140 in response to control signals originating at
controller 105 induces an electric field in an element of a
stator of the electric machine 140 that acts on an element of
the rotor to urge movement of the rotor towards or away from
the stator, thus inducing torque in a shaft member mechani-
cally coupled to the rotor.

The controller 105 monitors signal inputs from sensors,
e.g., the rotational position sensor 141 and selectively con-
trols operation of the inverter 100 in one of a PWM mode and
a six-step mode in response to a torque or speed command.
The controller 105 controls torque output from the electric
machine 140 through the inverter 100, which electrically
connects to a high-voltage DC electric power supply via
HV+102 and HV- 104. Control methods for switching
among inverter states to regulate torque output of the electric
machine 140 include operating in either a PWM mode or a
six-step mode. In the PWM mode, the inverter 100 switches
rapidly among two of the non-zero states and one or two of the
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zero states. The controller 105 specifies what fraction of the
time is spent in each of the three states by specifying PWM
duty cycles. The controller 105 updates the PWM duty cycles
at regular intervals such that the frequency of updates is
significantly higher than the frequency of the rotor rotation. In
the six-step mode, the inverter 100 cycles through the six
non-zero states once per cycle of the rotor of the electric
machine 140 to produce an AC voltage and current in each
winding of the stator. A rotor cycle is defined relative to motor
poles and does not necessarily correspond to a complete
revolution of the rotor. The controller 105 includes a current
regulator and a flux controller for controlling operation of
inverter 100 to control operation of the electric machine 140
in either a PWM mode or the six-step mode. The amplitude of
the AC voltage is dictated by the magnitude of DC voltage on
the high-voltage DC bus that electrically connects a high-
voltage electric power source to the inverter 100. The torque
is dictated by the DC voltage, the rotor speed, and the phase
difference between these quasi-sinusoidal AC voltage signals
and the rotor position, and is further controlled by operating
the control system in six-step mode. The controller 105 issues
commands to the inverter 100 indicating when to switch to the
next state in the sequence. The six-step mode is an operating
mode ofthe inverter 100 that includes cycling the inverter 100
through the six non-zero states once per cycle of the rotor of
the electric machine 140 to produce an AC voltage and current
in each winding of the stator. A rotor cycle is defined relative
to motor poles and does not correspond to a complete revo-
Iution of the rotor when a multi-pole electric machine is
employed. By way of example, in a permanent magnet elec-
tric machine, the fundamental frequency can be determined
as follows:

wr=wrm*PP

wherein

wr is the fundamental frequency;

wrm is the mechanical motor speed or frequency; and

PP is the quantity of pole pairs of the electric machine.

Similarly, when an induction motor electric machine is
employed, the fundamental frequency can be determined as
follows:

we=wrm*PP+ws!

wherein

we is the fundamental frequency;

wrm is the mechanical motor speed or frequency;

PP is the quantity of pole pairs of the electric machine; and

wrm is the slip frequency.

The fundamental frequency we is physically equivalent to
rotating frequency of the rotor flux, and is also referred to as
synchronous frequency.

The terms controller, control module, module, control,
control unit, processor and similar terms refer to any one or
various combinations of Application Specific Integrated Cir-
cuit(s) (ASIC), electronic circuit(s), central processing
unit(s), e.g., microprocessor(s) and associated non-transitory
memory component(s) in the form of memory and storage
devices (read only, programmable read only, random access,
hard drive, etc.). The non-transitory memory component is
capable of storing machine readable instructions in the form
of one or more software or firmware programs or routines,
combinational logic circuit(s), input/output circuit(s) and
devices, signal conditioning and buffer circuitry and other
components that can be accessed by one or more processors to
provide a described functionality. Input/output circuit(s) and
devices include analog/digital converters and related devices
that monitor inputs from sensors, with such inputs monitored
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at a preset sampling frequency or in response to a triggering
event. Software, firmware, programs, instructions, control
routines, code, algorithms and similar terms mean any con-
troller-executable instruction sets including calibrations and
look-up tables. Each controller executes control routine(s) to
provide desired functions, including monitoring inputs from
sensing devices and other networked controllers and execut-
ing control and diagnostic routines to control operation of
actuators. Routines may be executed at regular intervals, for
example each 100 microseconds during ongoing operation.
Alternatively, routines may be executed in response to occur-
rence of an event such as input from a monitored sensor.
Communications between controllers and between control-
lers, actuators and/or sensors may be accomplished using a
direct wired link, a networked communications bus link, a
wireless link or any another suitable communications link.
Communications include exchanging data signals in any suit-
able form, including, for example, electrical signals via a
conductive medium, electromagnetic signals via air, optical
signals via optical waveguides, and the like.

FIG. 2 graphically shows switch states Sa 202, Sb 204 and
Sc 206 of'the first, second and third arms of an embodiment of
the inverter 100 in relation to voltage angle 210 (deg) when
operating in the six-step mode, with a state value of 1 corre-
sponding to an ON state for the arm and a state value of 0
corresponding to an OFF state for the arm. Resultant phase
voltage levels include Va 212 associated with first node 116,
Vb 214 associated with second node 126 and Vc 216 associ-
ated with third node 136, all in relation to voltage angle 210
(deg) are also shown. Thus, operation in the six-step mode
changes switching state to the commanded voltage angle with
the switching state of each arm changed only once in one
fundamental period, i.e., one rotor or electrical cycle. The
resultant phase voltage has six step-changes in one funda-
mental period. When the switch is assumed to be ideal with no
voltage drop, the peak voltage at the fundamental frequency
becomes

_'Vdc-
T

The output power of inverter 100 can be defined as
V-I-PowerFactor, and inverter 100 can deliver its theoretical
maximum output power to the electric machine when oper-
ating in the six-step mode.

Sub-harmonics can be caused in a motor control system
due to differences between a sampling frequency of a digital
controller and rotational speed of the electric machine.
Known motor control systems adjust the sampling frequency
in powers of six of the fundamental frequency of the voltage
command, which requires the next sampling frequency to be
calculated during every rotation with a corresponding calcu-
lation burden imposed on the controller. Both steady-state
and transient performance of the closed-loop current control-
ler can be sensitive to the performance of rotational speed and
position sensors because the fundamental frequency of the
voltage command varies with the motor speed, thus introduc-
ing further variation.

FIGS. 3 and 4 are associated with a method for frequency-
synchronized control of an inverter operating in the six-step
mode to power an electric machine responsive to a torque or
speed command without changing sampling frequency of a
controller while minimizing or eliminating sub-harmonics.
One embodiment of a method for frequency-synchronized
inverter control in six-step mode is described with reference
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to FIG. 5. The frequency-synchronized control method can be
implemented, for example, on an embodiment of the inverter
100, electric machine 140 and controller 105 described with
reference to FIGS. 1 and 2. This includes executing the six-
step mode to control the inverter while monitoring an electric
voltage angle of the electric machine at a preset sampling
frequency of a digital controller. When the angle of the af§
voltage command is near a step transition associated with one
of the arms of the inverter in the six-step mode, an interme-
diate duty command is calculated, and carrier alignment
changes are implemented with execution of the intermediate
duty command to synchronize execution of the six-step mode
with the fundamental frequency of the voltage command: this
is equivalent to the rotating speed/frequency of the rotor in
PM or rotor flux in IM. Such operation facilitates a carrier-
based PWM implementation for controlling the inverter in the
six-step mode that is synchronized with the fundamental fre-
quency of the voltage command without adjusting the sam-
pling frequency of digital controller to synchronize with
motor speed. As a result, the performance of the current
control loop is not controlled based upon performance of the
position and speed sensors.

FIG. 3 graphically shows a plurality of command and data
signals associated with operation of one phase of an inverter
over a portion of a single cycle of electrical rotation of the
electric machine, which is shown as a voltage angle 310 (0,
deg) on the horizontal axis. Rotational positions of the elec-
tric machine are shown in the form of voltage angles of 90°
311, 150° 313, 210° 315 and 270° 317. Line 302 shows
rotational position of the electric machine and line 304 shows
a preferred command for one of the switches of one of the
arms of the inverter in relation to the voltage angle 310 when
operating in the six-step mode. The preferred command 304
is responsive to the torque or speed command. The voltage
angle 0o 90° 311 corresponds to a step-change in the preferred
command 304 for the associated switch from an ON state with
a value of 1 to an OFF state with a value of 0. The voltage
angle of 270° 317 corresponds to a step-change in the pre-
ferred command 304 from an OFF state with a value of 0 to an
ON state with a value of 1.

First carrier signal 322, duty command 324 and PWM
waveform 326 graphically depict operation of an embodi-
ment of the inverter 100 in the six-step mode without syn-
chronization of the sampling period of the rotational position
of' the electric machine 140 with the operation of the inverter
100. The first carrier signal 322 is in the form of a repetitively
executing a center-aligned triangle wave varying between a
nominal value of 1 and a nominal value of 0 and having a
cycle period that is substantially less than a cycle period
associated with the fundamental frequency of the voltage
command. As shown, the center-aligned triangle wave starts
at O state, increases to 1 state and then decreases to O state
during one cycle period. The duty command 324 for com-
manding operation of the inverter in the six-step mode
includes a nominal value of 1 to turn on the upper switch of
phase A and a nominal value of O to turn on the bottom switch
of' phase A. As shown, the first carrier signal 322 is asynchro-
nous with the voltage command 302, and is not aligned with
the ideal transition angle of switching status at either 90° 311
or 270° 317. The first carrier signal 322 and the duty com-
mand 324 are provided as inputs to a signal comparator,
which generates a signal output in the form of line 326 show-
ing a resulting PWM waveform. The resulting PWM wave-
form 326 has a nominal value of 1 when the magnitude ofthe
duty command 324 is greater than the magnitude of the first
carrier signal 322 and a nominal value of 0 when the magni-
tude of the duty command 324 is less than the magnitude of
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the first carrier signal 322. The PWM waveforms, including
PWM waveforms 326, 336 and 346 described herein corre-
spond to the control signals described with reference to FIG.
1 that are generated by controller 105 and communicated to
one of the first and second gate drive circuits 106, 108 to
activate and deactivate one of the switches 112 and 114. As
shown, the voltage command angles are shown for the single
phase of the inverter when the inverter is operating without
benefit of synchronizing the switching period with electrical
rotation of the rotor of the electrical machine. As is appreci-
ated, the use of the first carrier signal 322 in the form of a
center-aligned triangle wave is illustrative and not limiting.
Other forms of carrier signals may be employed with similar
effect.

The lack of synchronization of the switching period with
the fundamental frequency of the voltage command is shown
as an asynchronous time period T, 323, which is a time
delay between a change in the preferred command 304 from
an ON state with a value of 1 to an OFF state with a value of
0 at the voltage angle of 90° 311 and a change in the actual
duty command 324 from an ON state with a value of 1 to an
OFF state with a value of 0 at a subsequent voltage angle 312.

The asynchronous time period T.,,,, 323 may be deter-
mined during an immediately previous switch cycle. In the
six-step mode, the magnitude of the phase voltage becomes
its maximum at the fundamental frequency. If the switch is
assumed to be ideal so there is no voltage drop, the peak
voltage at the fundamental frequency becomes

_'Vdc-
T

Because the output power of a 3-phase PWM inverter can be
defined as V-I-PowerFactor, a 3-phase PWM inverter can
deliver its theoretical maximum output power to the motor in
the six-step mode. In full six-step mode, the switching state
needs to be changed at every 60° of the voltage command.
However, the controller 105 updates its output only once in a
sampling period. Assuming that the sampling ratio,

fow
5

is 20, the angle of the voltage command advances

in one sampling period. Thus, when the sampling period of
the controller is not synchronized with the fundamental
period of the voltage command, the transition of the switch-
ing state in full six-step mode can have maximum +13° error
compared to the voltage command. The output voltage of a
PWM inverter can have sub-harmonics due to this error. This
sub-harmonic in the phase voltage can create sub-harmonics
in phase current and thus in the output torque of the electric
machine. As shown, the average of the switching signal in one
fundamental period is not 0.5. When the average is larger than
0.5, the six-step voltage has a longer peak in that period.
When the average is smaller than 0.5, the six-step voltage has
shorter peak. As shown, the average of the switching signal is
0.429, so the six-step voltage has a shorter peak.
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FIG. 3 further graphically shows operation related to
execution of an intermediate control scheme in the form of a
second carrier signal 332, an intermediate duty command 334
and an intermediate PWM waveform 336. The intermediate
duty command 334 is introduced to adjust the magnitude of
the average of the switching signal in a manner that prevents
sub-harmonic frequencies in the control and operation of the
electric machine. The intermediate duty command 334 gives
a duty command that is neither O nor 1 when the voltage angle
310 is approaching one of the electric machine rotational
angles of interest, e.g., rotational angles of 30, 90, 150, 210,
270 and 330 degrees. The voltage angle 310 is considered to
be a one of the rotational angles of interest when the period of
the oncoming cycle of the carrier signal, e.g., second carrier
signal 322, overlaps with one of the rotational angles of
interest. As shown, carrier signal 322 overlaps with the volt-
age command angle at a rotational angle of 90° at timepoint
311 and carrier signal 322 overlaps with rotational position of
the electric machine at rotational angle of 270° at timepoint
317.

The magnitude of the intermediate duty command 334 is
selected to keep the average voltage of the switching signal
the same as that of the preferred voltage 304 in the six-step
waveform. For example, in the first switching period shown
by lines 324 and 326, the duration of the peak of the non-
synchronized six-step duty command 324 is longer than that
of the synchronized six-step duty command shown by pre-
ferred command 304 by a period of time T,,,, 323. In this
case, the magnitude of the intermediate duty command 334 in
that switching period, i.e., between timepoints 309 and 312
can be reduced to a magnitude that causes a reduction of the
PWM waveform 336 to zero for a valley durationof T, 333
that is equivalent to the expected T, 323. This is shown as
intermediate duty command 334 and resulting PWM wave-
form 336. Carrier command 332 corresponds to the first car-
rier command 322 and is in the form of a triangle wave. The
intermediate duty command 334 causes the average of the
switching signal in one fundamental period to be zero regard-
less of the synchronization of the switching period to the
voltage command. As shown in this case, sub-harmonics can
be eliminated.

The use of the intermediate duty command 334 may intro-
duce undesirable glitches into the PWM waveform 336.
Glitches are avoided by changing alignment of the carrier
signal, i.e., changing the alignment of the carrier command
332 without changing the frequency or period of the carrier
command 332. In one embodiment, the carrier command 332
is in the form of a triangle, and the triangle configuration can
be one of a right-aligned, center-aligned or left-aligned car-
rier waveform. Examples of the right-aligned carrier wave-
form 347, center-aligned carrier waveform 349 and left-
aligned carrier waveform 345 are shown. The intermediate
control scheme is implemented by aligning the carrier signal
322 based upon the intermediate duty command 344 to avoid
glitches. The intermediate duty command 334 interacts with
the carrier signal 322 to achieve a PWM waveform 346 that
results in an absence of glitches.

Thus, the carrier command 342 is a left-aligned waveform
345 that is selected to avoid a glitch that would otherwise
occur in response to the intermediate duty command 344
prior to shifting the PWM waveform for commanding the
associated switch of the inverter to an OFF or 0 state. Simi-
larly, as shown starting at timepoint 316, the right-aligned
carrier waveform 347 is selected to avoid a glitch between
timepoints 318 and 319 that would otherwise occur in
response to the intermediate duty command 344 prior to
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shifting the PWM waveform for commanding the associated
switch of the inverter to an ON or 1 state.

Furthermore, delays associated with latencies in operation
of'the digital controller need accommodation. A voltage com-
mand or duty command calculated in one switching period,
for example, [n] period, is actually updated at the next switch-
ing period, [n+1]. For this reason, angle advance during one
switching period, w'T,,,, is considered in the intermediate
duty command calculation. This rotating direction also needs
to be considered in both the intermediate duty calculation and
the carrier signal alignment decision because rotor or rotor
flux can rotate in both clockwise (negative) and counter-
clockwise (positive) direction.

Referring again to FIG. 1, the first and second gate drive
circuits 106, 108 activate only one of the switches of each of
the switch pairs 112 and 114, 122 and 124, and 132 and 134
to effect power transfer between one of HV+102 and HV-
104 and a phase of the electric machine 140 in response to
control signals originating at controller 105. Switching both
switches in one of the switch pairs to the ON state causes an
undesirable short-circuit between one of HV+102 and HV-
104, and is thus avoided. Switching both switches in one of
the switch pairs to the OFF state causes an undesirable dis-
connection of the phase terminal from the power source
resulting in a floating voltage state. Generally one digit
numeral is employed to express the switching state of one
arm, i.e., of each ofthe switch pairs 112 and 114, 122 and 124,
and 132 and 134. A switch state of 1 indicates the upper
switch is activated and the terminal voltage is connected to
HV+ 102. A switch state of 0 indicates the lower switch is
activated and the terminal voltage is connected to HV- 104.
By way of example, when switch 112 of the switch pair 112
and 114 is activated, with switch 114 deactivated, the switch-
ing state is expressed as follows:

Sa1 (1

Likewise, when switch 112 of the switch pair 112 and 114

is deactivated, with switch 114 activated, the switching state
is expressed as follows

S0 [2]

This can be extended to all three phases of S, Sz, and S..
For example, if the switching state is expressed as (1, 0, 0), the
actual switching state includes switch 112 ON, switch 114
OFF, switch 122 OFF, switch 124 ON, switch 132 OFF and
switch 134 ON.

As such, each phase voltage can be calculated with the
switching state as follows, wherein V  represents voltage
magnitude at firstnode 116,V represents voltage magnitude
at second node 126 and V, represents voltage magnitude at
third node 136.

2 1 [3]
Vas = 3 Vae-Sa — 5+ Ve - (Sp +.5¢)

3 3

2 1 [4]
Vbs = 5+ Ve 'S — 5+ Ve (Sc + Sa)

3 3

2 1 [5]
Ves = 3 Ve -Sc - 3 Vo (Sa +Sp)

FIG. 4 graphically shows a stationary direct-quadrature
(stationary dq or afj) reference frame 400 for analyzing
operation of a three-phase inverter, e.g., inverter 100
described with reference to FIG. 1, with the analysis shown in
context of direct voltage v, 420 on the horizontal axis and
quadrature voltage v, 430 on the vertical axis. Voltage at one
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point in operation is shown as vector v,z 425. A three-phase
circuit, e.g., the inverter 100 shown with reference to FIG. 1,
can be mathematically transformed to rotate a reference
frame of the three-phase system (abc) to a stationary dq (a.f})
frame to simplify analysis and control thereof by transform-
ing three-phase stator and rotor quantities into a single rotat-
ing reference frame to eliminate effects of time varying
inductances. A three-phase inverter, e.g., inverter 100
includes three arms, each arm having two possible switching
states leading to eight combinations of switch states. The
switch states are indicated by voltage vectors as follows in
Table 1, wherein the three-phase voltages in each switching
state are converted from three-phase with the resultant o.f3
voltages shown as voltage vectors V0 410, V1 401, V2 402,
V3 403, V4 404, V5 405, V6 406 and V7 407 in FIG. 4.
Operating sectors are also shown, including sector 1 411
between vectors V1 401 and V2 402, sector 1I 412 between
vectors V2 402 and V3 403, sector 111413 between vectors V3
403 and V4 404, sector IV 414 between vectors V4 404 and
V5 405, sector V 415 between vector V5 405 and vector V6
406 and sector VI 416 between vector V6 406 and vector V1
401.

TABLE 1
Vector Sy Sz S¢
Vo 0 0 0
Vi 1 0 0
V2 1 1 0
V3 0 1 0
V4 0 1 1
V5 0 0 1
V6 1 0 1
vi 1 1 1

When operating in a positive speed condition, the interme-
diate duty cycle commands (Duty_A, Duty_B, Duty_C) and
carrier alignment (Alignment) for each of the sectors can be
determined as follows in Table 2.

TABLE 2

Sector Duty_ A Duty_ B Duty_C Alignment
I 1.0 INT6 0.0 Left

I INT1 1.0 0.0 Right

111 0.0 1.0 INT2 Left

v 0.0 INT3 1.0 Right

A% INT4 0.0 1.0 Left

VI 1.0 0.0 INT5 Right

The terms INT1, INT2, INT3, INT4, INT5 and INT6 rep-
resent equations to calculate the intermediate duty com-
mands, as follows, wherein the term 6v,g represents the
electrical angle for the vector v, 425 and @ T,,, represents
angle advance during one switching period:

1 [6]
INTL: (5 o OM)
: w- Ty,
5 [7]
—-n-0,
INT2: 1- (6 o)
w- Ty,
[8]
-0,
INT3: (6 o)
w-T,
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3 [9]
ren
INT4: 1 -2 )
w-Tay
11 [10]
(57
INTS
w-Tg,
1 [11]
(57=0)
INT6: 1 —
w-Tg,

When operating in a negative speed condition, the inter-
mediate duty cycle commands (Duty_A, Duty_B, Duty_C)
and carrier alignment (Alignment) for each of the sectors can
be determined as follows in Table 3.

TABLE 3

Sector Duty_ A Duty_B Duty_C Alignment
I 1.0 0.0 INT12 Left

I 1.0 INT7 0.0 Right

111 INTS8 1.0 0.0 Left

v 0.0 1.0 INT9 Right

A% 0.0 INT10 1.0 Left

VI INT11 0.0 1.0 Right

The terms INT7, INTS8, INT9, INT10, INT11 and INT12
represent equations to calculate the intermediate commands,
as follows, wherein the term 6v,, represents the electrical
angle for the vector v,g 425 and w-T;,, represents angle
advance during one switching period:

1 [12]
(=)
6 Yap
INTT:
w- Ty,
1 [13]
(5:7=%)
INTS: 1 -
w-Tg,
[14]
(8'”‘9Vaﬁ)
INTO:
w- Ty
[15]
(8 _Ovaﬁ)
INT10: 1 -
w-Tay
3 [16]
(5:7=%)
INT11
w-Tay
11 [17]
(T 7=)
INT12: 1 -
w- Ty,

FIG. 5 schematically shows an inverter control routine 500
for frequency-synchronized inverter control in six-step mode.
The inverter control routine 500 controls the inverter in the
six-step mode to synchronize execution of the six-step mode
with the rotation of the electric machine. The inverter control
routine 500 can be employed to control an embodiment of the
inverter 100 described with reference to FIG. 1. Table 4 is
provided as a key wherein the numerically labeled blocks and
the corresponding functions are set forth as follows, corre-
sponding to the inverter control routine 500.
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TABLE 4

BLOCK BLOCK CONTENTS

502 Execute six-step mode to control inverter

504 Monitor electric voltage angle of the electric
machine

506 Command inverter switches in response to
torque command

508 Command PWM carrier at preset frequency
and at predetermined alignment

510 Approaching switch step transition?

512 Determine intermediate duty command for
switch that is transitioning

514 Determine carrier alignment

516 Control transitioning switch responsive to
intermediate duty command and carrier alignment

518 End

The inverter control routine 500 relates to executing the
six-step mode to control the inverter (502), which includes
monitoring an electric voltage angle of the electric machine
(504). Monitoring the electric voltage angle of the electric
machine can include monitoring at a preset sampling rate
driven by a preset sampling frequency of an analog/digital
converter electrically connected to the controller, or monitor-
ing in response to a triggering event, such as a rising edge
signal or a falling edge signal generated by a Hall-effect
sensor or in response to another rotational position sensor.
The inverter operates in the six-step mode, including com-
manding the switches in response to a torque command by
cycling the inverter switches through six non-zero states once
per rotor cycle to produce an AC voltage and current in each
winding of the stator (506), and commanding the PWM car-
rier at a preset frequency and a predetermined alignment
(508) to execute operation. The routine determines whether a
step transition in one of the switches is approaching (510). A
step transition in one of the switches is approaching when the
electrical rotational angle approaches a rotational angle of
interest as indicated when a period of an oncoming cycle of
the PWM carrier overlaps with one of the rotational angles of
interest, e.g., rotational angles of 30, 90, 150, 210, 270 and
330 degrees.

When a step transition in one of the switches is approach-
ing (510)(1) an intermediate duty command is determined for
the switch that is transitioning, wherein the intermediate duty
command is determined based upon one of equations 6
through 17, with the specific equation selected based upon the
approaching angle and the specific switch that is transitioning
(512). Coincidentally, the carrier alignment is selected based
upon the present control state of the specific switch that is
transitioning (514). In one embodiment, the selection of the
specific equation and the carrier alignment is determined
based upon the rotational angles of interest with attention
directed toward the specific sector using FIG. 4 and Tables 2
and 3. The resultant intermediate duty command and the
carrier alignment are executed to control the inverter during
the period of the oncoming cycle of the PWM carrier (516)
and this iteration of the routine ends (518).

In this manner, a PWM inverter can operate in six-step
mode to increase torque capability of an electric machine in a
flux-weakening region, resulting in increased torque output
compared to operation in SVPWM mode, including synchro-
nizing the six-step PWM waveform with the motor speed to
avoid sub-harmonics ripple in phase currents without chang-
ing the sampling frequency.

The detailed description and the drawings or figures are
supportive and descriptive of the present teachings, but the
scope of the present teachings is defined solely by the claims.
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While some of the best modes and other embodiments for
carrying out the present teachings have been described in
detail, various alternative designs and embodiments exist for
practicing the present teachings defined in the appended
claims.

The invention claimed is:

1. A method for controlling an inverter electrically opera-
tively connected to a multi-phase AC electric machine, com-
prising:

executing a six-step mode to control the inverter;

monitoring an electric voltage angle of the electric machine

at a preset sampling frequency; and

when the electric voltage angle approaches a step transition

associated with controlling one of a plurality of switches

of the inverter in the six-step mode:

generating an intermediate duty command for the one of
the switches;

aligning a carrier signal based upon a present control
state of the one of the switches; and

controlling the one of the switches employing the inter-
mediate duty command and the aligned carrier signal.

2. The method of claim 1, wherein generating an interme-
diate duty command for the one of the switches comprises:

determining a vector angle advance during a single switch-

ing period;

determining a vector angle associated with the electric

voltage angle of the electric machine; and

determining the intermediate duty command for the one of

the switches based upon the vector angle advance during
a single switching period and the vector angle.

3. The method of claim 1, wherein aligning a carrier based
upon a present control state of the one of the switches com-
prises selecting a left-aligned carrier waveform in response to
the intermediate duty command prior to shifting the PWM
waveform for commanding the associated switch of the
inverter to an OFF state.

4. The method of claim 1, wherein aligning a carrier based
upon a present control state of the one of the switches com-
prises selecting a right-aligned carrier waveform in response
to the intermediate duty command prior to shifting the PWM
waveform for commanding the associated switch of the
inverter to an ON state.

5. The method of claim 1, further comprising selecting a
center-aligned carrier waveform when the electric voltage
angle is not approaching a step transition associated with
control one of a plurality of switches of the inverter in the
six-step mode.

6. The method of claim 1, wherein controlling the one of
the switches employing the intermediate duty command and
the aligned carrier signal comprises controlling the one of the
switches employing the intermediate duty command and the
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aligned carrier signal to synchronize execution of the six-step
mode with the rotation of the electric machine.

7. A method for controlling a voltage source inverter
including a plurality of arms electrically operatively con-
nected to phases of a permanent magnet synchronous multi-
phase AC electric machine, comprising:

executing a six-step mode to control the inverter in

response to a torque command;

monitoring a rotational angle of the electric machine at a

preset sampling frequency; and

when the electric voltage angle approaches a step transition

associated with controlling one of the arms of the

inverter in the six-step mode:

generating an intermediate duty command for the one of
the arms;

aligning a carrier signal based upon a present control
state of the one of the arms; and

controlling the one of the arms employing the interme-
diate duty command and the aligned carrier signal.

8. The method of claim 7, wherein generating an interme-
diate duty command for the one of the switches comprises:

determining a vector angle advance during a single switch-

ing period;

determining a vector angle associated with the electric

voltage angle of the electric machine; and

determining the intermediate duty command based upon

the vector angle advance during a single switching
period and the vector angle.

9. The method of claim 7, wherein aligning a carrier based
upon a present control state of the one of the switches com-
prises selecting a left-aligned carrier waveform in response to
the intermediate duty command prior to shifting the PWM
waveform for commanding the associated arm of the inverter
to a control state of 0.

10. The method of claim 7, wherein aligning a carrier based
upon a present control state of the one of the switches com-
prises selecting a right-aligned carrier waveform in response
to the intermediate duty command prior to shifting the PWM
waveform for commanding the associated arm of the inverter
to a control state of 1.

11. The method of claim 7, further comprising selecting a
center-aligned carrier waveform when the electric voltage
angle is not approaching a step transition associated with
control one of the arms of the inverter in the six-step mode.

12. The method of claim 7, wherein controlling the one of
the arms employing the intermediate duty command and the
aligned carrier signal comprises controlling the one of the
arms employing the intermediate duty command and the
aligned carrier signal to synchronize execution of the six-step
mode with the rotation of the electric machine.

#* #* #* #* #*



